Abstract. Two types of quantum point contacts have been studied by low temperature scanning gate microscopy. In addition to the usual bright spot, which corresponds to a large conductance change at the constriction, ring structures are observed near the center of the quantum point contact. The ring diameter shrinks with increasing base conductance when the side gate voltage is changed. The rings are thought to relate to the observation of impurity potentials in the constriction region.
Introduction
Quantized conductance in quantum point contacts (QPC) have been studied in semiconductors, where a quantized conductance given by the number of 1d quantized levels below Fermi level [1] . An anomalous plateau at 0.7G 0 (G 0 is 2e 2 /h) has been observed in high mobility samples, and has been discussed as a spin-dependent phenomenon [2, 3] . Recently, scanning probe microscopy (SPM) has been studied, not only for imaging the surface topography, but also for detecting a magnetic or electric field in small structures. Scanning gate microscopy (SGM), in which a bias is applied to the scanning probe tip, has shown promise for the investigation of semiconductor nano-structures. Imaging of electron flow from a QPC [4, 5] and Coulomb blockade [6] at a closed quantum dot have been investigated by this method. Usually, the topography of the surface metal gates provides an obstacle for scanning the entire structure due to their interference with the scanning tip. Recently, we have succeeded visualizing the SGM image inside a QPC fabricated by trenches using wet etching. In the QPC of InGaAs sample, we have visualized quantum interference based on the random potentials [7] , and also the quantum Hall edge state in the channel [8] . Other SGM studies of a QPC, using a high mobility GaAs sample, have shown only a boring bright spot at the constriction of QPC [9] . In this paper, we also study QPCs of a GaAs heterostructure, and find a ring structure in the SGM image.
Sample and experiment
Two types of QPCs have been fabricated on a modulation-doped AlGaAs/GaAs heterostructure, whose two dimensional electron gas (2DEG) is located 60 nm below the surface. QPC-1 is a constriction consisting of an open quantum dot and is asymmetrical in shape as shown in Fig.1a . The gate voltage is applied on the upper-right side-gate to tune the conductance. QPC-2 has a symmetrical shape as shown in Fig.1b , and the gate voltage is applied on the upper and lower gates simultaneously. These structures are fabricated using 80 nm deep trenches defined via wet etching, which allows us to scan the entire surface area and to apply an in-plane gate voltage. The carrier concentration and the mobility are 4.7 ×10 11 /cm 2 and 4.2 × 10 5 cm 2 /Vs, respectively, which gives a mean free path of 4.7 m. The SGM measurements are performed at 300 mK with a piezo-resistive cantilever, whose tip is coated by 20 nm of PtIr or Cr for QPC-1 and QPC-2, respectively. During the SGM measurement, the tip was held 100 nm above the surface while applying a weak negative voltage. 
Results and discussion
The transmission curve of QPC-1 and QPC-2 are shown in Fig. 1c and Fig.1d , respectively. Because of the series connection of the quantum dot, the conductance quantization is not as clear in QPC-1, when compared with QPC-2. Nevertheless, the last plateau is clearly visible near 0.7G 0 . The SGM images of the QPC-1 at different base conductance are shown in Fig. 2a-c . A bright spot, where the conductance is lower than in the surrounding region, is observed at the center region of QPC-1, when the base conductance is near 1G 0 . In addition to the single bright spot, ring structures appear as a superposition upon the bright spot below 0.8G 0 . As the average conductance is reduced, the ring diameter increases up to ~500 nm. Moreover, a second ring begins to appear at the center of the outer ring at a conductance of 0.5-0.6G 0 , forming concentric rings as shown in Fig. 2b . The outer ring disappears at a conductance below 0.4G 0 . The gate voltage dependences of the inner and outer diameter of the rings are shown in Fig. 2d . In QPC-1, no significant ring structure was observed above 0.8G 0 . Similar ring structures were observed at the constriction of QPC-2, however they survive at conductances above 1G 0 , and also exhibit multiple rings. Figure 3a -c shows the SGM images taken at the center region of QPC-2. As the base conductance increases, the rings shrink and then disappear around the plateau at 2G 0 . However, another ring appears above 2G 0 , as shown in Fig. 3d . This latter ring shrinks again as the base conductance increases. The common features of the ring structure of the SGM images for QPC-1 and QPC-2 are: (1) the ring diameter shrinks as the base conductance increases, (2) multiple rings can appear, (3) the rings disappear as the base conductance approaches a plateau of the quantized conductance, (4) no extra plateaus in the transmission curves are observed. The effect of the scanning tip is to slightly deplete the 2DEG underneath the tip due to the small-negative voltage applied. When the depleted spot comes close to the constriction of the QPC, it decreases the local carrier density within the channel. Considering the fact in (4), the tip is thought to both create and image the ring structures. The ring shape implies an equipotential region around the central spot, which does not depend on the direction of approach of the tip nor the channel direction of the QPC.
The mechanism of the ring structure has not yet been clarified, however the tip potential could manipulate an energy level within a QPC. If we can assume that a decrease of the carrier density at QPC contributes to the spin-polarization [3] , the rings might relate to a spin-gap which appears at each quantized energy level [10] . The fact that the intensity of the ring structure is much clearer at a lower conductance supports this because the spin gaps are larger at lower carrier density [11] . The difference of the characteristic between QPC-1 and QPC-2 may be based on the shape of the structure, although this may well point toward a different mechanism, and that is the presence of impurity potentials in the QPC region. As the density is lower near the QPC than in the bulk, there exist ionized donors in this region. Ring-shaped structures have recently been observed in a high magnetic field [12] . In this latter study, it is assumed that these rings are related to short-range disorder (impurities), in which the quantum Hall effect provides the localization. The tip then can induce resonant tunneling into the impurity site. A similar effect can occur here, where the localization around the impurity is provided by the QPC. The impurity already has a slight barrier to capture, which is the origin of the persistent photoconductivity. The tip then induces a second barrier which provides a path into/out of the impurity well via resonant tunneling. 
Summary
In summary, ring structures are observed in low temperature SGM images of two different QPC samples. The ring diameter shrinks as the conductance increases, and disappears near the conductance plateaus. The rings may relate to a spin-gap which appears at each quantized energy level, or to the present of impurity potentials in the material. Final explanations must await further work in this area.
